Incarvillea is a herbaceous and temperate member of Bignoniaceae, previously divided into four subgenera, Niedzwedzkia, Amphicome, Incarvillea, and Pteroscleris. Niedzwedzkia and Amphicome have in the past been treated as independent genera. Different relationships have been proposed for the four subgenera. Here, maximum parsimony analysis using ITS and trnL-F sequences resulted in similar trees and showed that the genus is monophyletic. Analysis of the combined data resulted in a single tree with five major clades highly supported and well resolved. The relationships of the five major clades are (subgenus Niedzwedzkia (Incarvillea olgae (subgenus Amphicome (subgenus Incarvillea, subgenus Pteroscleris)))). All four subgenera are well supported for monophyly, with the exception of subgenus Incarvillea, represented here by I. sinensis and I. olgae. Incarvillea olgae is not closely related to I. sinensis, a conclusion supported by morphology. The two basal monotypic subgenera are found in Central Asia. The most species-rich subgenus, Pteroscleris, has 10 species in the Himalaya-Hengduan Mountains and may have dispersed early from central Asia to eastern Asia. Short branch lengths on the molecular trees within Pteroscleris suggest a recent and rapid radiation of this rosette-forming subgenus, perhaps connected with the uplift of the Himalaya-Hengduan massif.
was put into Bignoniaceae as an independent genus (Vassilczenko, 1957 (Vassilczenko, , 1958 .
The geographical distribution of the genus is interesting. Most of the species occur in the Himalayas and S. W. China, where the diversity of the mainly herbaceous species appears to be related to the uplift of the Himalaya-Hengduan Mountains (Chen et al., 2003) . However, a number of species (all with basal woodiness) are distributed through Central Asia and into Mongolia (Fig. 3) . Subgenera Amphicome and Incarvillea are found in eastern and central Asia, whereas subgenus Pteroscleris is endemic to the Himalaya-Hengduan region (E. Asia). Subgenus Niedzwedzkia and the distinctive I. olgae Regel are endemic to central Asia.
In this paper, we used ITS and trnL-F sequences to produce a phylogenetic framework on which to assess previous work on the classification of Incarvillea, particularly the number and relationships of natural groups in the genus.
MATERIALS AND METHODS
Samples and DNA extraction-We sampled 13 species of Incarvillea representing all four subgenera (Grierson, 1961) . The three species not sampled are two that may be extinct (I. altissima G. Forrest and I. forrestii Fletcher, both in subgenus Pteroscleris) and I. potaninii Batalin from Mongolia, which was not obtainable for this study. Considering the historically unstable positions of subgenera Amphicome and Niedzwedzkia in Bignoniaceae, Gesneriaceae, and Pedaliaceae in the history of the genus, we selected one species from each of these families in order to be certain of the placement of Incarvillea. Tecomaria capensis (Thunb.) Spach, Sesamum indicum L., and Nematanthus strigillosus (Mart.) H. E. Moore were thus added into the analysis as outgroups, and the tree was rooted on Scrophularia ningpoensis Hemsl.
In addition, we selected six further outgroups in Bignoniaceae for the trnL-F analyses to test the monophyly of the genus. L.S. Gibbs subsp. volubilis, all related Incarvillea, following the results of a study of the family based on three genes by Olmstead et al. (2002) .
The Incarvillea semiretschenskia Grierson sample was collected from a herbarium specimen (E), and DNA of I. emodi (Lindl.) Chatterjee was provided by Dr. Mark Chase. Sequences of Sesamum indicum and Nematanthus strigillosus were obtained from GenBank (Beardsley and Olmstead, 2002; Bremer et al., 2002; Zimmer, 2002) . Other materials were collected from the field and Kunming Botanic Garden (Appendix, see Supplemental Data accompanying the online version of this article). DNA was extracted from silicagel-dried leaves using a DNA extraction kit (Watson Biotechnologies, Shanghai, P.R. China).
Amplification, sequencing and sequence alignment-The whole internal transcribed spacer region was amplified using primers ITS4 and ITS5 (White et al., 1990 ) for all materials except I. semiretschenskia, for which four primers (ITS2, ITS3, ITS4, and ITS5) were used. The universal primers trnc and trnf of Taberlet et al. (1991) were used for the trnL-F amplification, according to the following protocol: 94ЊC for 3 min; 35 cycles of 94ЊC for 30 s, 53ЊC 
for 30 s, 72ЊC for 1 min; 72ЊC for 7 min. PCR products were subsequently visualized on a 1% low-melting temperature agarose gel, then were cut from the gel and purified using a gel extraction kit (Watson Biotechnologies). Purified products were sequenced in both directions, using the same conditions as the PCR. ITS sequences of all species were obtained using primer ITS4 and ITS5, except for I. semiretschenskia for which ITS2 and ITS3 were used. Four primers, trnc, trnd, trne and trnf were used for trnL-F sequencing of all material. Sequencing was carried out on an ABI 3100 automated sequencer (Applied Biosystems, Foster City, California, USA) at Kunming Institute of Zoology. Sequences were aligned using Clustal W (Higgins, 1994) with minor manual adjustments.
The trnL-F sequences of six further outgroups were obtained using the following procedures. The protocol for PCR and sequencing was 35 cycles of 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 1 min. PCR products were purified using Qiaquick spin-columns (Qiagen Inc., California, USA) according to the manufacturer's protocol. Sequences of both strands of the PCR product were generated on an ABI 377 (Applied Biosystems). The resulting sequences were compiled and compared using the program Sequencher version 3.0 (Gene Codes Corp., Ann Arbor, Michigan, USA).
Sequences of all primers used for PCR amplification and sequencing are listed in Table 1 .
Phylogenetic analysis-Phylogenetic analyses were performed using PAUP*: phylogenetic analysis using parsimony (* and other methods), version 4.0 Beta10 (Swofford, 2001 ) on a Macintosh (eMac) computer using a maximum parsimony (MP) approach. Characters were weighted equally and were unordered. Gaps were treated as missing data rather than as a fifth character. A heuristic research was conducted using 1000 random taxon addition replicates, and 10 trees were held in each step during stepwise addition. Other tree search options included tree-bisection-reconnection (TBR) branch swapping, steepest descent off, MulTrees on. To estimate the support for individual clades, heuristic bootstrapping (1000 resampling replicates) was performed. Decay indices (Bremer, 1988) were calculated manually.
The ITS sequences of six other outgroups in trnL-F data set were not obtained in this study, so we combined ITS and trnL-F sequences of all taxa except these six relatives as a combined data set. We assessed the degree of phylogenetic incongruence between ITS and trnL-F partitions using the incongruence-length difference (ILD) test (Mickevich and Farris, 1981; Farris et al., 1995) in PAUP* 4.0b10, with 1000 replications using a heuristic tree search with 10 addition sequence replicates. To ensure the accuracy of the P value in the ILD test, only parsimony informative positions were used.
RESULTS
Sequence characteristics-ITS-The length of ITS (ITS1, ITS2, including 5.8S) sequences in Incarvillea ranged from 622 to 628 bp, giving an aligned matrix of 667 characters, 152 (22.79%) of which were phylogenetically informative. ITS1 varied from 236 to 240 bp in length with an aligned length of 258. Of these, 67 sites were informative. ITS2 ranged from 227 to 231 bp, with an aligned length of 251 characters, 81 of which were informative. The length of 5.8S varied from 150 to 152 bp (aligned 152 with three informative sites). The remaining six sites in the aligned matrix are from 26S.
trnL-F-A poly-G region of about 18 guanines at approximately 120 bp from the 3Ј end in Incarvillea proved difficult to sequence accurately, so the sequences were excluded at this point. The trnL-F sequences of Incarvillea used in this study Table 2 .
Phylogenetic analysis-Individual analyses-Parsimony analysis of the ITS data matrix resulted in only one most parsimonious tree of 482 steps (Fig. 4 , CI ϭ 0.720, RI ϭ 0.667). The genus Incarvillea is a monophyletic group with 100% bootstrap support and is sister to Tecomaria (bootstrap value ϭ 90%). There are five major clades in the genus and in all eight clades have bootstrap support of 50% or higher. Four of the five major clades are equivalent to the four subgenera in the system of Grierson except that I. olgae, which was put into subgenus Incarvillea by Grierson, does not group with I. sinensis Lam. The relationship between the five major clades is fully resolved but without good bootstrap support. Two subgenera, Amphicome and Pteroscleris have bootstrap support of greater than 50% (53% and 100%, respectively).
MP analysis of the trnL-F data set generated 16 equally parsimonious trees of 260 steps with consistency index (CI) ϭ 0.892 and retention index (RI) ϭ 0.948. In the strict consensus tree (Fig. 5) , seven clades in the genus Incarvillea have bootstrap support of 50% or higher. The genus Incarvillea is monophyletic with strong support (100%), and nested in Bignoniaceae (bootstrap value ϭ 100%), but the relationship with other Bignoniaceae taxa is not resolved. Five major clades (identical to those suggested by ITS) were recovered but the relationships between them were poorly resolved with the exception of I. sinensis being sister to the subgenus Pteroscleris clade (bootstrap value ϭ 73%).
Combined analyses-In the homogeneity test, the combined data provided a P value of 0.597: the null hypothesis of congruence is not rejected; therefore, we combined the ITS and trnL-F data sets into a single matrix for phylogenetic analyses.
Phylogenetic analysis of the combined data set yielded one most parsimonious tree of 733 steps with CI ϭ 0.795 and RI ϭ 0.803 (Fig. 6) . This tree has the same topology in the genus Incarvillea as the ITS tree, differing only in the relative arrangement of Sesamum indicum and Nematanthus strigillosus.
The combined analysis had higher bootstrap values on the ingroup nodes than in the separate analyses of the two sequences. The genus Incarvillea is strongly supported as monophyletic with a bootstrap value of 100%, and the same five major clades are generated within the genus as in the separate analyses. The relationships between the five major clades all have bootstrap support, and a further five clades are also supported.
DISCUSSION
The genus Incarvillea is a natural group-A persistent question in Incarvillea taxonomy concerns the rank and position of Amphicome and Niedzwedzkia (Don, 1837; Bureau, 1864; Burtt and Grierson, 1953; Vassilczenko, 1957 Vassilczenko, , 1958 Grierson, 1961) . In this study, Incarvillea as delimited by Grierson (including the genera Amphicome and Niedzwedzkia) is monophyletic with respect to Tecomaria with very strong support (100% bootstrap) in analysis of ITS and combined data sets. Monophyly is also confirmed by the analysis of the trnL-F data set with more Bignoniaceae taxa (100% bootstrap). None of the three data sets (ITS, trnL-F, and combined) conflict with the placement of the genera Amphicome and Niedzwedzkia in the genus Incarvillea sensu lato (s.l.), although the sister group relationship of Niedzwedzkia with the rest of Incarvillea does not rule out separate generic treatment for this taxon. The sole species of Niedzwedzkia, now called I. semiretschenskia, has several unique characteristics within the genus, such as a winged capsule, septifragal dehiscence, and calyx tubular only at base (Table 3) .
The similarity of the species in karyomorphology and pollen characters supports the genus as a natural group. The chromosome number of all species reported is 2n ϭ 22 (Sugiura, 1936; Bowden, 1940; Fedorov, 1969; Xiao et al., 2002; Chen et al., 2003) , and their interphase nuclei and prophase chromosomes are of the simple chromocenter and interstitial type, respectively, although there is some variation in karyotype features (Xiao et al., 2002; Chen et al., 2003) . The species also have very similar pollen morphology (Wang et al., 1997; Wei et al., 2001; Chen et al., 2003) . Subdivision of the genus-The separate and combined analyses all support the existence of five major clades: these are (1) subgenus Niedzwedzkia (I. semiretschenskia), (2) I. olgae, (3) subgenus Amphicome, (4) Incarvillea, and (5) subgenus Pteroscleris (Fig. 2C) . Two subgenera in the system of Grierson (besides the monotypic subgenus Niedzwedzkia), Amphicome and Pteroscleris, are monophyletic groups. In all analyses, the Amphicome clade has bootstrap support of more than 50%, and the Pteroscleris clade is very strongly supported (bootstrap value ϭ 100%).
In the system of Grierson, subgenus Incarvillea is composed of three species, Incarvillea olgae, I. sinensis, and the Mongolian I. potaninii. Material of I. potaninii was not available to us, but I. olgae was not related to I. sinensis in any of the analyses. This reflects morphology, as I. olgae is different from other species of subgenus Incarvillea in morphological characters such as the paniculate inflorescence, opposite leaves, calyx teeth base not swollen, and no calyx tube groove between calyx teeth (Table 3) . These characters are peculiar to I. olgae. We therefore suggest that I. olgae should be separated from subgenus Incarvillea as a new monotypic subgenus. I. potaninii, on the other hand, closely resembles I. sinensis in all morphological features.
All groups suggested here are clearly distinctive on the basis of morphology (Table 3) , allowing the genus to be readily divided into five formal taxonomic units.
Relationship between clades in the genus- Grierson (1961) lationships between his four subgenera based on the distribution of characters in the Bignoniaceae generally: he considered subgenus Amphicome and subgenus Incarvillea relatively primitive, although he regarded the Incarvillea as more advanced in view of the presence of an annual species. Subgenus Pteroscleris he regarded as advanced and more closely related to subgenus Incarvillea (Fig. 2A) . There are three subgenera in China, and Fig. 2B shows the classification used in Flora Reipublicae Sinicae (Wang et al., 1991) . The difference between this treatment and Grierson's is in the phylogenetic arrangement of subgenus Amphicome and subgenus Incarvillea. Our study suggests relationships between subgenera as follow: (subgenus Niedzwedzkia (Incarvillea olgae (subgenus Amphicome (subgenus Incarvillea, subgenus Pteroscleris)))). This supports Grierson's treatment, with subgenus Niedzwedzkia basal, but with a separate position for I. olgae (Fig. 2) . In this context, taking the subgeneric rank of the other four clades into account, we think I. olgae should be accommodated in a new monotypic subgenus, which will be described in a future paper. Gentry (1980) maintained that it is very difficult to understand the phylogeny within Bignoniaceae because of ''rampant parallelisms and convergence in nearly every taxonomically important characteristics.'' The same applies to the genus Incarvillea. On the basis of the molecular data, however, it is evident that some morphological characters are useful for defining the subgenera (Table 3) .
Incarvillea semiretschenskia is the only species with septifragal capsules. In the family, the phylogenetic arrangement of Gentry (1980) implied that dehiscent fruits with the septum perpendicular to the valves gave rise to indehiscent fruits and to dehiscent fruits with the septum parallel to the valves. Fruits dehiscing perpendicular to valves may be a plesiomorphy (Spangler and Olmstead, 1999) . Incarvillea semiretschenskia maintains this possibly ancestral state and occupies the basal position in the genus. Subgenus Pteroscleris is herbaceous and other groups are suffruticose, supporting the notion of Pteroscleris as a group with several advanced characters. Some populations of I. sinensis (subgenus Incarvillea) are annual, which is also probably a derived condition. As regards pollen morphology, in features such pollen grain size and the number and shape of colpi, subgenus Pteroscleris has also been considered to possess advanced characters and Amphicome primitive ones, while subgenus Incarvillea is transitional between [Vol. 92 AMERICAN JOURNAL OF BOTANY (Chen et al., 2003) . In karyomorphology too, features such as the size of chromosomes and the asymmetry of the karyotype, suggest that subgenus Amphicome has primitive characters and subgenus Pteroscleris advanced ones, while subgenus Incarvillea is intermediate between the two subgenera (Chen et al., 2004) . These characteristics are all consistent with Grierson's views of the evolution of these three subgenera (1961) ( Fig. 2A) , with the exception of I. olgae. In subgenus Pteroscleris, two sections have been proposed, caulescent and acaulous (Zhao, 1985) , but this division is not supported by our studies. Of the species sampled from subgenus Pteroscleris, two species, I. beresowskii Batalin and I. lutea Bur. et Fanch., are caulescent. Incarvillea compacta Maxim. has a short stem, and the others, I. mairei (Lévl.) Grierson, I. dissectifoliola Q. S. Zhao, I. zhongdianensis GreyWilson, I. younghusbandii Sprague, and I. delavayi Bur. et Fanch., are acaulous. Two caulescent species are scattered among the acaulous species in all three analyses (Figs. 4-6 ).
Biogeographical considerations-Two basal subgenera, Niedzwedzkia and ''Incarvillea olgae,'' are endemic to central Asia, while the apparently most derived group, subgenus Pteroscleris, is distributed in the eastern Himalaya and the Hengduan Mountains. The short branch lengths on the phylogenetic trees within subgenus Pteroscleris may indicate that these species have undergone a recent radiation, perhaps related to the uplift of the Himalaya-Hengduan massifs. The Himalaya and Hengduan Mountains are currently the center of diversity for the genus with three subgenera and 14 species (Fig. 3) . This suggests the dispersal of Incarvillea may have been from central Asia to eastern Asia. If so, this dispersal must have happened at least before the Miocene, after which the Himalaya Mountains would have been an effective barrier to migration. Subgenus Amphicome is interesting because it has one species shared between central Asia and eastern Asia, perhaps indicating ancient dispersal of this relatively basal group. Pteroscleris is adapted to the high altitude environment of the Himalaya-Hengduan Mountains and has there undergone a considerable radiation. The continuous distribution of subgenus Incarvillea from Himalaya-Henduan Mountains to the Russian Far East, on the other hand, could be at least partly the result of Quaternary expansion as part of its range was glaciated.
